We describe a simple, yet selective cysteine sensor based on gold nanoparticles (AuNPs) conjugated with thermoresponsive copolymers, the carboxyl groups of which are incorporated. Copolymer-conjugated AuNPs, used as the cysteine sensor, in a solution form sediment when cysteine is added. Heating followed by cooling the solution induces phase transitions of the thermoresponsive copolymers, resulting in an acceleration of sedimentation of the copolymer-conjugated AuNPs. The absorbance of supernatants at 520 nm, which are ascribed to a surface plasmon band of discrete AuNPs, decays with increasing concentration of cysteine. Sedimentation of the copolymer-conjugated AuNPs is specific to cysteine. The addition of other popular amino acids, or ascorbic acid, causes no sedimentation of the AuNPs. The relationship between the absorbance of the supernatant at 520 nm and the cysteine concentration provides a sigmoidal profile at a concentration range between 1 × 10 -6 to 6 × 10 -6 mol dm -3 . The determination of cysteine in a supplement is achieved using an inflection point on the sigmoidal profiles.
Introduction
Gold nanoparticles (AuNPs) exhibit surface plasmon absorption in the visible region. 1 Based on the optical properties, chromatic sensors using AuNPs have been widely investigated. One of effective strategies to develop color sensors with AuNPs is based on a chromatic change from red to blue-purple in an AuNPs solution, where aggregation of the AuNPs proceeds. 2 Aggregation is induced by the formation of bridging structures between the AuNPs. The introduction of probe molecules onto the surface of the AuNPs through chemical bonds allows one to exploit various types of chromatic sensors.
When the introduced probe molecules respond to guest molecules, i.e. analytes, bridging structures between AuNPs form via interactions of the ligand molecules with the analytes, leading to aggregation. Sensing metal ions, [3] [4] [5] DNA, [6] [7] [8] [9] protein, 10,11 and aptamer 12 have been accomplished based on the morphological change of AuNPs.
To fabricate another type of AuNPs sensor, a non-covalent introduction of probe molecules onto AuNPs surfaces have also been investigated. Chang et al. [13] [14] [15] exploited thiol-sensing systems by using AuNPs onto which fluorometric probe molecules were introduced non-covalently. The principle of the thiol sensing system was based on replacing the probe molecules with thiol compounds on AuNPs surfaces. The liberated probe molecules recovered their fluorescence, which allowed one to sense the thiol compounds indirectly. One of the advantages of the non-covalent introduction of probe molecules in fabricating AuNPs sensors is less restriction, when choosing the probe molecules than covalent introductions. Non-covalent introduction requires no thiol group in the probe molecules, although the covalent introduction of probe compounds inherently requires precursors having thiol groups, which bond to the surface of AuNPs surface covalently. In either case, stable suspension of AuNPs after a modification of the probe molecules is of great concern for their practical use as color sensors.
For the stable suspension of AuNPs in a solution, the addition of water-soluble polymers is one of the effective approaches. 16, 17 The interaction of water-soluble polymers with AuNPs surfaces results in the non-covalent conjugation of the water-soluble polymers. Although the conjugated polymers stabilize the suspended AuNPs, stabilization of the AuNPs prevents aggregation, which is inconsistent with the principle of an aggregation-based chromatic change of AuNPs sensors. One of the potential approaches to overcome this problem is to utilize thermoresponsive polymers, which are a type of functional water-soluble copolymers. Thermoresponsive polymers are water-soluble below their phase-transition temperatures, and are insoluble above them. 18, 19 A reversible phase transition of thermoresponsive polymers is achieved by controlling the solution temperature. Nano-composites comprised of AuNPs and thermoresponsive polymers have been prepared by introducing thermoresponsive polymers onto AuNPs through chemical bonds. [20] [21] [22] The features of nano-composites, such as a particle diameter, turbidity and absorption spectra of their solution, can be changed reversibly by controlling the solution temperature. Additionally, since thermoresponsive copolymers act as water-soluble polymers below their phase-transition temperature, they can work as stabilizers of the AuNPs under the phasetransition temperature. Thus, the conjugation of thermoresponsive polymers is promising to fabricate new types of AuNPs sensors.
In this paper, we consider the potential of AuNPs conjugated non-covalently with thermoresponsive polymers as novel sensors. To the best of our knowledge, nano-composites composed of AuNPs, and thermoresponsive polymers have not been investigated as AuNPs sensors, whether the introductions of copolymers to the AuNPs are due to the covalent bonds or not. We have synthesize thermoresponsive copolymers having carboxyl groups as functional groups (poly(n-isopropylacrylamide-co-methacrylate)) and used them for conjunction with AuNPs. We found that the addition of cysteine caused to form sediment of the AuNPs with which the thermoresponsive copolymers conjugated. Since sedimentation was specific to cysteine, the AuNPs sensor based on sedimentation was studied for developing a sensing system of cysteine.
Cysteine, which is one of important amino acids containing thiol groups, is not only a constituent of protein, but also an essential compound in several processes, such as redox, methyl transfer and carbon fixation reactions in which CoA participates. Cysteine and its analogues are also related to metabolism disorder diseases. 23 Therefore, many researches have been focused on the determination of cysteine in pharmaceuticals, urine, serum, and plasma. [24] [25] [26] [27] [28] [29] Although HPLC 26 and electrochemical analyses 27 are versatile for determining cysteine, they require expensive equipment. Spectrophotometry 28, 29 and flourometry, 30 which are rather ubiquitous techniques, are alternatives, but their poor selectivity and laborious procedures have limited their application. We expect that since the proposed method reported here is highly selective towards thiol groups, it will become a promising technique to determine cysteine.
Experimental

Reagents and chemicals
Hydrogen tetrachloroaurate(III) tetrahydrate, N-isopropylacrylamide, and methacrylic acid were obtained from Kanto Chemical (Tokyo Japan). All other reagents and solvents were of analytical reagent grade, and were obtained from commercial sources. N-Isopropyl-acrylamide and methacrylic acid were recrystallized before polymerization. Methanol was distilled before use.
Preparation of AuNPs
All glassware used in the preparation was thoroughly cleaned in aqua regia (3 parts HCl, 1 part HNO3), rinsed in deionized and doubly distilled water, and oven-dried prior to use. AuNPs were prepared according to Grabar 31 and Sutherland 32 with slight modifications. Stock solutions of 1 mmol dm -3 hydrogen tetrachloroaurate(III) tetrahydrate and 38.8 mmol dm -3 sodium citrate were prepared from deionized and doubly distilled water. In a 1 dm 3 round-bottom flask equipped with a condenser, 500 cm 3 of 1 mmol dm -3 hydrogen tetrachloroaurate(III) tetrahydrate, was taken and boiled with vigorous stirring. Then, 50 cm 3 of 38.8 mmol dm -3 sodium citrate was added to the vortex of the solution. After the solution color changed from pale yellow to burgundy, boiling was continued for 10 min. The heating mantle was then removed, and stirring was continued for an additional 15 min. After the solution reaches room temperature, it was filtered through a 0.4 μm membrane filter. The resulting solution of AuNPs was characterized by the absorption maximum at 520 nm. Transmission electron microscopy (TEM) indicated a mono-dispersity with an average particle size of 13 ± 1.7 nm (100 particles sampled).
Preparation of thermoresponsive copolymer
A thermoresponsive copolymer, poly(N-isopropylacrylamide (85 mol%)-co-N-methacrylic acid (15 mol%)) (following, p-NIP0.85MA0.15), was synthesized by radical copolymerization in methanol media with a slight modification. 32 The structure of p-NIP0.85MA0.15 is illustrated in Fig. 1 . To a 500 cm 3 roundbottom separable flask equipped with a condenser, 2.58 g (0.03 mol) of methacrylic acid, 19.24 g (0.17 mol) of isopropylacrylamide, 0.35 cm 3 of 3-mercaptpropionic acid, and 0.82 g of azobisisobutyronitrile, were taken and dissolved with 70 cm 3 of methanol. The mixture was kept at 60˚C for 4 h under a nitrogen atmosphere. The resulting solution was poured into the same volume of cooled diethylether. The crude precipitations were recrystalized with methanol and diethylether. The purified precipitations were dissolved into water, followed by being freeze-dried. Cotton-like products of the copolymer were obtained (average molecular weight, 1.0 × 10 4 by GPC (with polystylene standard)). The content of methacrylic acid in the copolymer was determined by elemental analysis and acid-base titration. Both of the determined contents were identical to the feed content. The other thermoresponsive copolymers, the contents of methacrylic acid of which were different, were prepared with similar recipes to that describe above.
Protocol of sensing cysteine
A mixture of 1.0 g of 0.1 g/g of p-NIP0.85MA0.15, 3.0 ml of a 0.18 g dm -3 AuNPs solution, and an appropriate volume of water were taken to a 10 cm 3 volumetric flask. After 1.0 cm 3 of a cysteine solution or a sample solution, into which appropriate amounts of supplement were dissolved, was added to the volumetric flask, the final volume was adjusted with water. The resulting solution was transferred into a testing tube, followed by being subjected to heating at 98˚C for 30 min, and then cooling at 4˚C for 2 h. The absorbance of the supernatant in the testing tube was measured at 520 nm.
The determination of cysteine by HPLC was carried out with 100 mm 3 of sample injection. The injected sample was separated with a Capcellpak C18-SG120 column (4.6 mm i.d. × 250 mm length, Shiseido, Tokyo Japan) and an eluent composed of 5 wt% of acetonitrile and 95 wt% of water containing 3.5 × 10 -3 mol dm -3 sodium 1-heptanesulfonate and 0.1% phosphoric acid. The eluent was pumped at a flow rate of 1.0 cm 3 min -1 , and the effluent was monitored at 210 nm spectrophotometrically.
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Results and Discussion
Sedimentation of polymer-conjugated AuNPs
It was found unexpectedly that the sedimentation of AuNPs conjugated with p-NIP0.85MA0.15 occurred by the addition of cysteine. AuNPs conjugated with a representative thermoresponse polymer, poly(n-isopropylacrylamide) gave no responses to cysteine. The methacrylate groups incorporated with the thermo-responsive copolymers played important roles in the sedimentation. This matter will be discussed at a later section. Figure 2 shows photos of the copolymer-conjugated AuNPs solution in the presence of cysteine. The solutions gave a color gradation from red to blue purple after preparation in correspondence with the cysteine concentration. This indicates that cysteine induces the aggregation of copolymer-conjugated AuNPs. After thermal-stimuli processes, i.e. heating followed by cooling the solutions, the aggregated AuNPs in the blue solutions (above 4 × 10 -6 mol dm -3 of cysteine) formed sediment, leading to a fading of the color of the supernatant. On the other hand, red solutions (below 2 × 10 -6 mol dm -3 of cysteine) gave no color changes after thermal-stimuli processes. This was due to a stabilization effect of the thermo-responsive copolymer as a water-soluble polymer below the phase transition temperature. The thermal-stimuli process accelerated the sedimentation, although the sedimentation proceeded slowly without any thermal-stimuli process. Since the solutions reached a pseudo-equilibrium after the thermal-stimuli processes, no further change of the solution color was observed.
Absorption spectrometry allows one to investigate the effect of cysteine more precisely than observations by eye. Visible absorption spectra of the solution obtained after thermal stimuli are shown in Fig. 3a . The absorption band lies at around 520 nm, and is ascribed to the surface plasmon absorption of discrete AuNPs, and the absorption band over 600 nm is ascribed to that of the aggregated AuNPs, respectively. An increase of the absorption band over 600 nm of the solutions, the cysteine concentrations of which were blow 4 × 10 -6 mol dm -3 , indicate that aggregated AuNPs remain partially in the supernatants after thermal-stimuli processes. Contrarily, the entire absorption bands of AuNPs disappear above 4 × 10 -6 mol/L of cysteine due to sedimentation. The change in the absorption spectra of the copolymer-conjugated AuNPs is consistent with the photo shown in Fig. 2c . The relationship between the cysteine concentration and the absorbance at 520 nm (Fig. 3b) gives a sigmoidal profile, an inflection point of which is observed between 3 × 10 -6 and 4 × 10 -6 mol dm -3 of cysteine.
To develop a sensing system for cysteine based on sedimentation, the effects of diverse compounds on the sedimentation were investigated. Several popular bioactive compounds, such as aspartic acid, glycine, adenocine, and dopamine, and cysteine analogues, such as S-methyl-cysteine, N-acetyl-cysteine, and methionine, were subjected to investigations as diverse compounds. Figure 4 shows the spectra of copolymer-conjugated AuNPs solutions with the diverse compounds after thermal-stimuli processes.
The addition of any cysteine analogues without thiol groups did not 87 ANALYTICAL SCIENCES JANUARY 2007, VOL. 23 sediment the copolymer-conjugated AuNPs, although S-methylcysteine, a monosulfide, produced a slight alteration of the spectra bathochromically. Similarly, the addition of bioactive compounds without thiol groups did not cause sedimentation, either. The results indicate not only that the thiol groups play important roles in the sedimentation, but also that the copolymer-conjugated AuNPs have potential as a new type of sensing probe for cysteine. It is well-known that thiol compounds chemically adsorb onto the AuNPs surfaces, which causes changes in the morphologies of AuNPs. Based on the chemical adsorption, a chromatic sensor with unmodified AuNPs for cysteine has been reported. 2, 13 From the results of our reinvestigation involving the aggregation of unmodified AuNPs with thiol compounds, the unmodified AuNPs were found to aggregate by the addition of cysteine, but the sedimentation of the aggregation of the unmodified AuNPs was not observed within 1 h. These results indicate that effects of both the thiol groups and the thermoresponsive copolymer cause the sedimentation synergistically.
Parameters affecting sedimentation
First, we consider the influence of the contents of methacrylic acid incorporated in thermoresponsive copolymers, because methacrylic acid is essential for sedimentation. Figure 5 shows solution spectra of AuNPs conjugated with two types of poly(nisopropylacrylamide-co-methacrylate), p-NIP0.85MA0.15 and p-NIP0.92MA0.08. No sedimentation of the AuNPs was observed with p-NIP0.92MA0.08 after the addition of cysteine, even though the addition of cysteine caused aggregation of the copolymerconjugated AuNPs.
Similar results were obtained with thermoresponsive copolymers, the contents of methacrylic acid of which were below 8 mol%. On the other hand, an apparent sedimentation was observed with thermoresponsive copolymers, the methacrylic acid content of which was more than 15 mol%. We consider that the carboxyl groups in the thermoresponsive copolymer play important roles in the interaction between the AuNPs surfaces and the thermoresponsive copolymers through a replacement of the citrate adsorbed on unmodified AuNPs surfaces. This consideration leads to an assumption that chemical adsorption of cysteine onto the copolymer-conjugated AuNPs would induce the replacement of carboxyl groups incorporated in the copolymers, and that this replacement would cause desorption of the copolymer from the AuNPs surface, resulting in sedimentation of the AuNPs.
Unlike the content of carboxyl groups in the copolymer, the concentration of the copolymer in AuNPs solutions has little influence on the sedimentation, although the total amounts of the carboxyl groups in the AuNPs solution are directly related to the concentration of the copolymer.
Sedimentation was observed in every AuNPs solution, the copolymer concentration of which ranged between 5 and 50 g dm -3 . Probably, 5 g dm -3 of the thermoresponsive copolymer gave excessive amounts of the copolymer, sufficient to adhere onto the AuNPs.
The concentration AuNPs would change the cysteine concentration giving the inflection points in Fig. 3(b) , since we consider the determination of cysteine using the inflection point to be a type of titrimetry, which will be discussed later. The concentration of AuNPs was fixed in such a way that the change of absorbance at 520 nm gave a distinct inflection point. The lower concentration of AuNPs would prevent the possibility of analyzing an accurate inflection point, and a higher concentration would cause an increase of the instrumental error of the spectrophotometer.
Second, we studied the effects of the thermal-stimuli process, i.e. heating the copolymer-conjugated AuNPs solution, followed by cooling it. The phase-transition temperature of p-NIP85MA15 was ca. 35˚C under the condition described in the experimental protocol. As mentioned earlier, the phase transition of the thermoresponsive copolymer accelerated sedimentation. However, the solution temperature did not influence the acceleration, once the solution had been heated above the phasetransition temperature.
Finally, we investigated the influence of the solution pH, which influenced the sedimentation significantly. Manipulation in the pH range between 4.0 and 6.5 gave the reproducible sedimentation results. The pH of the copolymer-conjugated AuNPs solution prepared by the experimental protocol is 4.1, which lies in the above-mentioned working pH range, and which is buffered by the carboxyl groups in the copolymers. Below pH 4.0, the copolymer-conjugated AuNPs, themselves, aggregate, resulting in the development of a blue color of the solution without the addition of cysteine. Above pH 6.5, sedimentation does not occur due to electric repulsion of the negatively-charged AuNPs, resulting from the deprotonation of carboxyl groups in the copolymer and cysteine.
Determination of cysteine
As mentioned earlier, the sedimentation of AuNPs is specific to the addition of cysteine, suggesting a potential to exploit a new selective sensing system of cysteine. To investigate a sensing system based on sedimentation, we introduced an idea to compare a threshold in the sigmoidal profile depicted in Fig.  3 with that obtained with a real sample containing cysteine. We used commercial dietary supplements containing cysteine as real samples. The threshold is defined as the point where the absorbance abruptly decreases, which corresponds to the inflection point in the sigmoidal profile. The threshold can be approximated by the point, that gives half of the absorbance of the solution without cysteine. Figure 6 shows the relationship between the absorbance at 520 nm and the mass of the supplement in a sample solution, as a typical example. The sigmoidal relationship shown in Fig. 6 is identical to that in Fig.  2 . The threshold is estimated to be 8.5 mg of the supplement. Notice that the horizontal axis in Fig. 6 corresponds to the mass of the supplement dissolved in 1 dm 3 of the sample solution, and that in Fig. 2 corresponds to the cysteine concentration in the measurement solution for spectrophotometry, respectively. A comparison with both thresholds allows one to estimate the content of cysteine in supplements. The obtained results are summarized in Table 1 . Table 1 also summarizes the analytical values obtained by HPLC and the labeled values. Good agreements between the results obtained by the proposed method and the HPLC method were obtained, indicating the accuracy and reliability of the proposed method. Both of the analytical results also agree with the labeled values, though the labeled values are estimated from the feed contents in the manufacturing processes. Ascorbic acid, which is a main constituent of the supplements that we used, caused no interferences in the determination of cysteine, although it caused serious interferences in determining cysteine by redoxbased methods. 24, 25, 29 
Conclusions
We developed a new AuNPs sensor of cysteine by the conjugation of AuNPs with thermoresponsive copolymers having carboxyl groups. The addition of cysteine causes sedimentation of the copolymer-conjugated AuNPs specifically. Thermal-stimuli processes, heating followed by cooling the solution, accelerate sedimentation. The relationship between the absorbance of supernatants and the cysteine concentration gives a sigmoidal profile. A comparison of the thresholds defined as inflection points in the sigmoidal profiles allows one to estimate the cysteine contents in supplements. The present study should provide a promising potential of polymerconjugated AuNPs as color sensors. Further investigations concerning polymer-conjugated AuNPs are progressing. 
